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The separation  of a mixture of ben zen e  and n -h e x a n e  was 
studied using a liquid membrane te c h n iq u e . S p a r k le e n ^  detergent was 
used a s  the su rfactan t and heavy mineral o il  was u sed a s  the so lv en t to 
r e c e iv e  the perm eate .
The e f fe c t s  of the follow ing v a r ia b le s  on the sep aratio n  facto r  
were in v e s t ig a te d :
1 . The re la t iv e  proportion of ben zen e  and n -h e x a n e  in the 
orig inal m ixture.
2 . Su rfactan t c o n c e n tra t io n .
3 . Q uantity  of su rfactan t so lu t io n .
4 .  Amount of s o lv e n t .
5 . C o n tact  time with s o lv e n t .
The e f fe c t  of e a ch  v ariab le  w as studied by varying the v a lu e s  of 
that v a r ia b le  w hile holding other v a r ia b le s  c o n s ta n t .
It was found that both the sep aratio n  fa c to r  and the perm eate 
com position  vary with the feed co m p o sit io n . Under the experim ental 
co n d itio n s  employed in the presen t study, the av erage  v alue  of the 
sep aratio n  factor  for 0 . 1  to 0 . 9  mole fract io n  of ben zen e  in the feed  was 
found to b e  approxim ately 6 .
Under the experim ental co n d itio n s  employed in the p resen t study,
^Registered  trademark o f C algon C orp oration .
x
the sep aratio n  factor was found to be low for the volumes of so lv en t l e s s  
than 180 c . c .  The separation  facto r  was found to be  about co n sta n t  for 
the volumes of so lv e n t betw een 180 and 2 50  c . c .  Beyond 250  c . c .  , the 
separation  facto r  was again  found to be lo w .
For low v alu es of co n cen tra tio n  of su rfac tan t and c o n ta c t  tim es 
with s o lv e n t ,  the sep aratio n  fa c to r  was found to be lo w . As the v a lu e s  
of th e s e  v a r ia b le s  were in c re a se d  the sep aratio n  fa c to r  in crea se d  and 
reached  a maximum and for large  v a lu e s  of th e s e  v a r ia b le s ,  the se p a ra ­
tion fa c to r  again  d e c re a s e d .
From the study of the v aria tion  of sep aratio n  facto r  with the 
quantity  o f su rfactan t so lu tio n , i t  w as found that the sep aratio n  factor  
was independent of the quantity  of su rfactan t so lution  beyond a c e r ta in  
volume of su rfactan t so lu t io n .  For volumes l e s s  than th is  minimum, the 
separation  facto r  was lo w er ,  but in c re a se d  a s  the volume in c r e a s e d .
A rough estim ate  of the th eo re t ica l  and experim ental error involv­
ed in the p resen t study has been  m ade. The re la t iv e  ad v antages and 




The sep aratio n  and pu rification  of m ateria ls  is  important in many 
a s p e c t s  of modern tech n ology  and there are continuing efforts  to im­
prove the methods or to develop new methods for producing high purity 
m a te r ia ls .  Today there  is  heightened in te re s t  in the sep aratio n  te c h ­
niques b ase d  on th e  p referentia l p a s s a g e  of one com ponent of a mixture 
through a m em brane. W ater p u rification  b ased  on re v e rse  o sm o sis  (1) 
and the co n cen tra tio n  and sep aratio n  of ions by Donnan d ia ly s is  (2) have 
re ce iv e d  co n s id e ra b le  atten tio n  from the th e o re t ic a l  a s  w ell a s  from the 
experim ental point of v ie w . Both experim ental and th e o re t ica l  a s p e c t s  
( 3 , 4 , 5 )  of permeation through various typ es of membranes have been  
s tu d ie d .
Separation  by liquid membrane tech n iq u es  is  a r e la t iv e ly  new 
m ethod. Very l i t t l e  work had been  done in th is  area  until re c e n t  years  , 
when th is  tech niqu e  has re ce iv e d  c o n s id e ra b le  a tten tio n  from both the 
th e o re t ica l  and p ra c t ica l  v iew p o in t.  If the tech n iqu e  proves to be 
f e a s ib le  and prom ising, it  w ill provide another important p ro ce ss  for the 
sep aratio n  of m ater ia ls  w hich are d if f icu lt  to se p ara te  by trad itional 
m e th o d s .
The tech n iq u e  u t i l iz e s  a p h y s ic a l  phenomenon w hich  is  not
1
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u su ally  employed in more conv en tional sep aratio n  p r o c e s s e s .  The 
p ro ce ss  depends upon the re la t iv e  ra te s  of tran sfer  of the com ponents of 
a mixture through a liquid m em brane. The rate  of tran sfer  of a component 
through the membrane w ill l ik e ly  be re la ted  to the so lu b il i ty  and the 
d iffu siv ity  of that component in the liquid membrane (6).
The presen t study w as undertaken to in v e s t ig a te  the f e a s ib i l i t y  of 
using a liquid membrane tech niqu e to se p ara te  a mixture of b en zen e  and 
n - h e x a n e . Some of the important p h y sica l  and ch e m ica l  properties of 
ben zen e  and n -h e x a n e  are  l is te d  in Table  1.
The bo iling  points of benzene  and n -h e x a n e  do not differ g reatly  
and,  h e n c e ,  the sep aratio n  by d is t i l la t io n  is  rather d i f f ic u l t .  The vapor- 
liquid equilibrium diagram of the b e n z e n e -h e x a n e  system  is  g iven  in 
Figure 1 . The re la t iv e ly  sm all deviation  betw een the equilibrium curve 
and th e  d iagonal a ls o  in d ic a te s  that the sep ara tio n  by d is t i l la t io n  is  
re la t iv e ly  d i f f ic u l t .
A sch e m a tic  drawing (Figure 2) of the liquid membrane p ro ce ss  is  
helpful in expla in ing  th is  sep aratio n  p r o c e s s .  F i r s t ,  sm all droplets of a 
mixture of two organic  hydrocarbons X and Y are p a sse d  through an aqueous 
so lu tion  of su r fa c ta n t .  During th eir  p a s s a g e  through the aqueous so lution  
of su r fa c ta n t ,  the droplets are co a te d  with a thin lay er  of su rfac tan t 
so lu t io n .  The droplets are  then p a sse d  through an organ ic  so lv e n t which 
is  m is c ib le  with both X and Y. During th is  p ro ce ss  one of the com po­
n e n t s , sa y  X , of the mixture tran sfers  through the liquid membrane into 
the so lv en t a t  a f a s te r  ra te  than the other com ponent, Y . Thus the
3
TABLE 1
PHYSICAL AND CHEMICAL PROPERTIES 
OF BENZENE AND n-HEXANE
Property Benzene n -H ex an e
C hem ical formula C 6H 6 C 6H 14
Formula W eight 7 8 . 1 1 8 6 . 1 7
D e n s ity ,  g r a m s / c . c . 0 . 8 7 9 0 . 6 5 9
Boiling po in t,  ° c 8 0 . 1 6 9 . 0
So lu b ility  in w ater ,  parts 
per 100 parts of water 0 . 0 7 0 0 . 0 1 4
So lu b ility  in heavy mineral 





















Fig. I -  The vapor-liquid equilibrium diagram for the system 
benzene - n - hexane.
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Fig. 2 - A schematic drawing of the separation process using 
a liquid membrane technique.
6
organic  so lv en t phase becom es r ich  in X.and the droplets becom e r ich  in 
Y . The m ixtures of X and Y can  be recov ered  from both the organic 
so lv en t and the droplets using  su ita b le  te c h n iq u e s .  A partial sep aratio n  
is  thus a c h ie v e d .
In the p resen t stu d y , heavy mineral o il is  used as  the so lv en t and 
it  is  found that Spark leen  d etergen t can  be e f fe c t iv e ly  u sed a s  the sur­
fa c ta n t  for separatin g  the mixture of ben zen e  and n - h e x a n e . The function 
o f the so lv e n t is  sim ply to r e c e iv e  the perm eates and it  probably does 
not a s s i s t  in the sep aratio n  p ro ce ss  (7).
In the experim ental procedure for th is  stu d y , in stead  of p a ss in g  
droplets of the mixture through an aqueous so lu tion  of su r fa c ta n t ,  the 
mixture was em u lsified  with an aqueous so lution  of s u r fa c ta n t .  The 
em ulsion formed was then co n tac te d  with the so lv e n t  to e f fe c t  the 
sep ara tio n  and then the em ulsion and the so lv e n t p h ases  were se p a ra te d .
Some of the v a r ia b le s  w hich can  be studied are :
1 . Time of mixing for e m u ls if ic a t io n .
2 . Speed of mixing for e m u ls if ic a t io n .
3 . C o n tac t  time with so lv e n t .
4 .  Com position of the f e e d .
5 . Amount of so lv e n t .
6 .  Amount of su rfactan t so lu t io n .
7 .  C o n cen tra tion  of su rfa c ta n t .
8 .  Temperature for em u ls if ica t io n
9 . E f fe c t  of temperature on tran sfer  ra te s ' .
7
The main o b je c t iv e  of the presen t study was to determine the e f ­
f e c t s  o f  the co n cen tra tio n  and m aterial v a r ia b le s  on sep aratio n  fa c to r .
The co n cen tra tio n  and m aterial v a r ia b le s  that were co n sid ered  in the 
presen t study were com position  of fe e d ,  amount of s o lv e n t ,  amount of 
su rfactan t and co n cen tra tio n  of su r fa c ta n t .  The p resen t study was a ls o  
d irected  towards the in v e stig a tio n  of the e f fe c t  of c o n ta c t  time with 
so lv e n t on sep aratio n  fa c to r .  W hile  the e f fe c t s  o f  one v a r ia b le  was 
s tu d ied , a ll  other v a r ia b le s  were kept c o n s ta n t .  The presen t study was 
carried  out a t room temperature and no temperature e f fe c t s  were co n s id e r ­
ed .
Li (6) h a s  separated  b en zen e  and n -h e x a n e  using th is  m ethod. 
H ow ever, he used Saponin a s  the su rfactan t w hereas in the presen t study 
Spark leen  detergent was used a s  the su r fa c ta n t .  No published data are 
p resen tly  a v a i la b le  for the e f fe c t s  on sep aratio n  facto r  of the v a r ia b le s  
that were studied in the presen t stu d y . Li (6) found that adding g lycero l 
to a membrane resu lted  in a tremendous in c re a s e  in sep aratio n  facto r  for 
the presen t s y s te m . The e f fe c t s  of addition of g ly cero l were not co n sid er  
ed in the p resen t stu d y . It would have b een  in terestin g  to m easure the 
s iz e  of the em usified d ro p le ts ,  how ever, in th e  p resen t study the droplet 
s iz e  w as not m easu red .
CHAPTER II
PREVIOUS WORK AND LITERATURE SURVEY
In the p a s t ,  so lid  membranes su ch  a s  c e l lo p h a n e ,  parchm entized 
paper or c e l lu lo s e  a c e ta t e  have b een  used to e f fe c t  some s e p a r a t io n s .  
Even though th e s e  membranes were e f fe c t iv e  to a c e r ta in  e x te n t ,  they  
presented  many problems . Polymeric p la s t ic  p la s t ic  film s , which are 
g en era lly  thinner than so lid  m em branes, have a ls o  b een  u sed (3). How­
e v e r ,  it  is  n e c e s s a r y  that one of the components of the mixture be 
so lu b le  enough in the polymer to a llo w  for permeation without so ften ing  
the f i lm . The d isco v ery  of a liquid membrane is  rem arkable in the 
h istory  of membrane te ch n o lo g y .
The general ad v an tages of using liquid  membranes over the so lid  
membranes or the polym eric film s are s e v e r a l .  Film l i f e  is  an extrem ely  
important fac tor  in the s e le c t io n  of a m em brane. Liquid membranes are 
homogeneous and free  of p inholes  due to su rface  te n s io n  e f fe c t s  (8). 
A lso ,  the liquid membrane does not need any support. The perm eation 
ra te s  through the liquid membrane are higher b e c a u s e  the film is  very 
thin and,  in ad d itio n , m ass tran sfer  ra te s  are higher b e c a u s e  of the 
in c re a se d  in te r fa c ia l  area  of the sm all d ro p le ts .
Very l i t t l e  work h as been  done in th is  area  in the p a s t .  Dr. N . 
N. Li of E sso  R esearch  and Engineering Company is  a p ioneer in th is
8
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f ie ld .  The tech niqu e  was d iscov ered  from a laboratory  o b serv ation  that 
Saponin , a natural su r fa c ta n t ,  forms a strong and v is ib le  film a t  a w a te r -  
o il in te r fa c e  (6). Two main problems were encountered in the beg in n in g . 
One was partial membrane rupture and the other was sm all su rfa ce  area  
of the droplets b e c a u s e  of drop c o a le s c e n c e  during p a s s a g e  through 
the so lv en t p h a s e .  T h ese  two problems could be  partia lly  so lved  by 
using the em ulsion s iz e  feed d ro p le ts .
Li (8) had in v estig a ted  se v e ra l organic  sy ste m s which could be 
separated  using liquid membrane te c h n iq u e s .  The sy ste m s of his 
in v e s t ig a tio n s  w ere:
1 . Toluene -  H eptane
2 . O ctan e  -  I s o -o c t a n e
3 . Steam crack ed  Naphtha
4 . O ctan e  -  O cten e
5 . Benzene -  n-hexane
6 . n -H ex a n e  -  C y clo h ex an e
The su rfac tan ts  that he u sed to e f fe c t  the sep aratio n  o f the above 
m ixtures were:
1 . Saponian or S ap o g en in g ly co sid e
2 . Igepal or N onylphenoxypolyethyleneoxy ethanol
3 . Sodium dodecyl Sulphate'
The follow ing so lv e n ts  were a ls o  u sed :
1 . K erosene
2 . So lv en t 100 neutral
10
3 . H eavy Paraffin oil
Li (8) ,  in h is  stu d ies  , using the above sy ste m s found that the 
function of the so lv e n t was m erely to provide a medium for re ce iv in g  the 
p e rm e a te s .  Another important c o n c lu s io n  of h is  study (7) w as that the 
separation  of hydrocarbons was independent o f  the su rfactan t c o n c e n tra ­
t io n .  This led to the c o n c lu s io n  that the droplet w as covered  with a 
f ixed  number of la y ers  of water and su r fa c ta n t .  Li (7) further s ta ted  that 
the droplet was probably co ated  with a lay er  of su rfactan t and w ater dur-* 
ing its  p a ssa g e  through the su rfactan t so lution  or during the e m u ls if ic a ­
tion a s  shown in Figure 3 A. During its  p a s s a g e  through the so lv e n t the 
droplet was covered  with two lay ers  of su rfactan t separated  from e a ch  
other by a lay er  of w ater a s  shown in Figure 3 B. Knowledge of the la y ers  
of the membrane separatin g  the mixture from the so lv e n t  would help in 
understanding the m echanism  of the sep aratio n  by liquid m em branes. The 
a ctu a l m echanism  of tran sfer  through a liquid membrane is  s t i l l  unknown.
Regarding the s e le c t io n  of a su ita b le  su r fa c ta n t ,  Li (8) found th at 
the hydrophobic part of the su rfactan t m o lecu le  should be  a s  sim ilar  to 
the permeate m olecu le  in structure a s  p o s s ib le .  In sep aratin g  hydro­
carbo n s b ase d  on the d if fe ren ce  in m olecu lar p o lar ity ,  io n ic  su rfactan ts  
are  p referred .
Li (8) a ls o  proposed that the p ro ce ss  of permeation through a 
liquid membrane may be  com posed of three independent s t e p s .  In i t ia l ly ,  
a so lution  of the perm eating m o lecu le  is  formed on the in s id e  of the 
liquid m em brane. S e co n d ly ,  the m o lecu le  must d iffu se  through the
11
Fig. 3A - Structure of the droplet when it passes through the 
aqueous solution of surfactant.
Fig. 3 8 -  Structure of the droplet when it passes through the 
solvent.
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membrane and,  f in a l ly ,  the m o lecu le  which d if fu ses  through the so lv e n t 
must be "d esorb ed " from the o u ts id e  su rfa ce  of the m em brane.
At presen t Li (9) has been  working on p u rification  of w ater and 




The b e n z e n e ,  hexane and Sparkleen su rfactan t used in th is  study 
were obtained from F ish er  S c ie n t i f ic  Company. The ben zen e  was th io ­
phene free  and m eets ASTM s p e c i f i c a t io n s .  The F ish e r  c a ta lo g  N o. for 
the F ish e r  c e r t i f ie d  ACS ben zen e  reagen t u sed in th is  study w as B -2 4 5  .
The F ish e r  c a ta lo g  N o. for the h exan e  used was H - 2 9 1 .  It 
conta ined  a mixture of is o m e r s . The formula w eight of h e x a n e s  used 
was 8 6 . 1 1 .  The hexane was F ish e r  ce r t i f ie d  ACS with a d e n s ity  of not 
greater  than 0 . 6 8 7  g /m l and boiling  point 6 8 . 7 + 2  °  C .
The Sparkleen  detergent used was developed by Hall Laboratories 
in co n ju n ctio n  with the M ellon  In stitu te  o f Industria l R esearch  in 
Pittsburgh, Pa. It  co n ta in s  a ll  sodium c a t io n s  with approxim ately 50% 
sodium h e x am etap h o sp h ate , about 10% an io n ic  su lphonate  (40% a c t iv e ) ,  
and approxim ately 0 . 5 % nonionic su r fa c ta n t .  It a ls o  c o n ta in s  sodium 
carbo n ate  and sodium b icarb on ate  a s  pH buffering a g e n t s .
The heavy mineral oil u sed  was manufactured by R exall Drug 
Com pany. The extra heavy white mineral o il was of higher purity and is  
used e x te n s iv e ly  for pharm aceutical p u rp o ses .
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Preparation of the Emulsion
The required m ixtures of benzene  and n -h e x a n e  were prepared by- 
mixing the required volumes of the com p onents , using a buret to m easure 
volumes . The mixer u sed  for em u ls if ica t io n  of th is  mixture was a 
cy lin d r ica l  v e s s e l  equipped with four b a f f l e s .  A d eta iled  drawing of the 
mixer is  g iven  in Figure 4 .  A v ariab le  s tead y  speed im peller with four 
b lad es  was used for m ixing .
The mixture of benzene and n -h e x a n e  was stirred using the 
mixer (Figure 4) a t low speed and then th e  required amount of su rfactan t 
so lution  was s low ly  poured into the m ixer .  The stirrer w as then s e t  to 
a speed of 15 00 r . p . m .  and the mixture was stirred for about 10 m in u tes .
C ontacting  M ixture with the Solvent 
and Separation  of the P h ases
The em ulsion formed w as then co n ta c te d  with the s o lv e n t ,  heavy 
mineral o i l ,  for the d esired  length  of time in a 400  ml b e a k e r .  During 
th is  time the b eak er  was covered to avoid the l o s s e s  due to evap o ration . 
The mixture was g en tly  stirred with a hand stirrer  a t  frequent in terv a ls  
in order to insu re  uniform c o n ta c t  betw een the em ulsion and the s o lv e n t .  
Then the mixture was transferred into a 500  ml separatory  fu n n el,  where 
i t  was allow ed to sep ara te  for 8 to 10 m in u te s .  The mixture separated  
into three la y e rs  in the separatory  fu n n el.  The bottom la y e r  c o n s is te d  
of aqueous so lution  of su rfactan t which w as in e x c e s s  and had not 
entered an em ulsion p hase  or which resu lted  from droplet b re a k -u p .
The middle lay er  w as com posed of the s o lv e n t ,  mineral o i l ,
15
Fig. 4 -  Drawing of mixer.
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contain ing  the permeated mixture of ben zen e  and n -h e x a n e .  This lay er  
was c o l le c te d  in a 25 0 ml f la s k  and then d is t i l le d  to e f fe c t  recov ery  of 
the mixture of b en zen e  and n -h e x a n e .
The upper la y er  co ntained  the em ulsion w hich was com posed of 
the su rfactan t so lution  and that portion of the mixture of ben zen e  and n -  
h exane which did not perm eate into the s o lv e n t .
Separation  of the Hydrocarbon M ixture 
From Solv ent and Emulsion P h ases
The mixture of b en zen e  and n -h e x a n e  w as separated  from so lv e n t 
and em ulsion p h a se s  by d is t i l la t io n .  The bo iling  point of the so lv e n t  is  
more than 110°  C ,  w hereas the bo iling  points of ben zen e  and h exan e  are 
l e s s  than 8 1°  C .  T h erefo re , the d is t i l la t io n  w as carried  out a t  tem pera­
tures s ig n if ic a n t ly  l e s s  than 110°  C .  E s s e n t ia l ly  a l l  the ben zen e  and 
hexane was separated  from the s o lv e n t .  The mixture to be  d is t i l le d  
conta ined  some su rfactan t so lution  and,  h e n c e ,  the d is t i l la t io n  may 
re s u lt  in the evaporation of w ater along with the b e n zen e  and n -h e x a n e .  
H ow ever, the water is  im m isc ib le  in the ben zen e  and n -h e x a n e  and the 
d is t i l la te  conta ined  two p h a s e s .
The p re se n ce  of a sm all amount of so lv e n t in th e  d is t i l la t e  will 
a lte r  th e  re fra c t iv e  index of the ben zen e  and n -h e x a n e  m ixture . In 
ad d itio n , some ben zen e  and h exane remain in the d is t i l la t io n  f la sk  and 
co n d e n se  a fter  the d is t i l la t io n  has been  com pleted  which may re su lt  in 
an error in the a n a ly s is  o f  the mixture in the s o lv e n t .  In order to 
ev a lu ate  th is  e f fe c t  a s  a p o s s ib le  so u rce  of error, th e  re fra c t iv e  index
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of a known mixture was m easu red . This mixture was then mixed with 
about 2 00 c . c .  of the so lv en t and a few m ill i l i te rs  of su rfactan t so lu t io n .  
Then the mixture was d is t i l le d  and the re fra c t iv e  ind ex m easu red . The 
two v a lu es  of re fra c t iv e  index and the com p o sition s  are  given in Table  2 . 
It can  be se e n  that the com position  of the mixture before  and a fter  
d is t i l la t io n  is  about the sa m e . T h erefo re , it would not re su lt  in a p p re c i­
a b le  error if  the ca l ib ra t io n  curve is  u sed  to determ ine the com position  of 
the mixture contained  in the s o lv e n t .
The d is t i l la t io n  o f  the em ulsion p hase  is  carried  out in the same 
w ay. H ow ever, in th is  c a s e  the d is t i l la t io n  se rv e s  the dual purpose of 
breaking the em ulsion and evaporating the lower boiling  m a te r ia ls .  This 
d is t i l la t io n  was carried  out below  1 0 0 °  C .  H ow ever, some of the w ater 
was d is t i l le d  along with the mixture of ben zen e  and n -h e x a n e  to form two 
p h a se s  in the d i s t i l l a t e .
The re fra c t iv e  ind ex of the mixture sep arated  from the em ulsion 
phase  before  and a fter  d is t i l la t io n  w as found to be  the sa m e .  H e n c e ,  in 
th is  work the ca l ib ra t io n  curve re la tin g  re fra c t iv e  ind ex and mole f r a c ­
tion w as used to find the com position  of the unknown m ix tu re s .
A n alysis  o f  the M ixture
The com position  of the mixture of ben zen e  and n -h e x a n e  was 
determined by m easuring the re fra c t iv e  index of the mixture using  the 
Abbe R e fra c to m e ter . The re fra c t iv e  index o f the mixture was m easured at 
approxim ately  2 4 °  C .  In Appendix C it has  b e en  shown th at a ch an ge
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COMPOSITION CHANGES AND LOSSES 
DURING DISTILLATION
TABLE 2
N o. R efractive  index of 
the original mixture
R efractive  ind ex 
of d is t i l la te
M ole  fract io n  of 
Benzene in original 
M ixture
1 1 . 4 9 7 4 1 . 4 9 6 6 1 . 0 0 0 0
2 1 . 4 8 1 3 1 . 4 8 1 0 0 . 8 9 8 3
3 1 . 4 6 2 4 0 . 7 8 6 4 0 . 7 8 3 0
4 1 . 4 4 4 6 1 . 4 4 3 0 0 . 6 6 2 3
5 1 . 4 2 5 0 1 . 4 2 4 0 0 . 5 2 4 7
6 1 . 4 0 8 0 1 . 4 0 7 8 0 . 3 7 0 5
7 1 . 3 9 1 0 1 . 3 9 0 4 0 . 1 9 6 7
8 1 . 3 7 5 0 1 . 3 7 5 0 0 . 0 0 0 0
19
TABLE 2 — Continued
M ole fraction  of 
Benzene in d is t i l le d  
mixture
Volume of original 
mixture , c  . c  .
Volume of d is t i l la t e  
c o l l e c t e d , c  . c .
0 . 9 9 0 0 35 30
0 . 8 9 4 0 35 32
0 . 7 8 3 0 35 31
0 . 6 5 8 0 35 32
0 . 5 1 0 0 35 29
0 . 3 6 8 0 35 31
0 . 1 9 0 0 35 31
0 . 0 0 0 0 35 31
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in temperature from 21 to 2 7 °  C would re su lt  in a chan ge in the m easu re­
ment of re fra c tiv e  index of about 0 . 0 0 3 0 4  which would correspond to 
about 2% ch an g e s  in the com position  of the m ixture. A ca lib ra tio n  
curve re la ting  the re frac tiv e  index and percent com position  w as prepar­
ed and the com position  o f an unknown mixture could then be determ ined . 
The data for the ca lib ra tio n  curve are given in Appendix A and the curve 
re la tin g  re fra c tiv e  index and mole fraction  of ben zen e  is  g iven  in Figure 5 
A p o ss ib le  sou rce  of error in analyzing  the mixture is  the chan ge 
in the com position  of the mixture during d is t i l la t io n .  Some mixture is 
lo s t  in the d is t i l la t io n  p ro ce ss  and is  not re co v e re d .  It  i s  a l s o  p o s s ib le  
that some so lv e n t may d is t i l l  along with the m ixtu re . H ow ever, it  ca n  be 
se en  from Table 2 that th e s e  errors do not re su lt  in a s ig n if ic a n t  chan ge 










Fig. 5 - The  calibration curve of refractive index vs mole fraction of benzene.
CHAPTER IV
RESULTS AND DISCUSSION OF RESULTS
The e f fe c t s  of the fo llow ing v a r ia b le s  on the sep aratio n  of 
ben zen e  and n -h e x a n e  were studied:
1 . Com position of the feed
2 . C o n tac t  time with so lv en t
3 . Amount of so lv en t
4 .  Amount of su rfactan t so lution
5 . C oncen tration  of su rfactan t
W h ile  one v ariab le  was s tu d ied , a l l  of the other v a r ia b le s  were 
held c o n s ta n t .
The separation  factor  is  one of the m ost important c h a r a c te r is t ic s  
of an equilibrium sep aratio n  p ro ce ss  b e c a u s e  it is  a d ire c t  m easure of 
the e f fe c t iv e n e s s  of the separation  p r o c e s s .  Although the presen t 
sep aratio n  p ro ce ss  is  not an equilibrium p r o c e s s ,  a sep aratio n  factor  
can  be  defined in a way analogous to that of an equilibrium p ro ce ss  .
The sep aratio n  fa c to r  is  defined as  the ratio  of the d istribu tion  c o e f ­
f ic ie n t  of the more perm eable component to the d istribu tion  c o e f f ic ie n t  
of the l e s s  perm eable com ponent. The d istribu tion  c o e f f ic ie n t  in th is  
c a s e  i s  defined a s  the ratio  of the co n cen tra tio n  o f a p articu lar com ­
ponent in the so lv e n t  phase  to the co n ce n tra tio n  of th at component in
2 2
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the em ulsion p h a s e .  Thus the sep aratio n  facto r  for the system  under 
co n sid era tio n  can  be given by:
D istribution c o e f f ic ie n t  of ben zen e
Separation  fa c to r  =
D istribu tion  c o e f f ic ie n t  of n -h e x a n e
M ole fraction  of b en zen e  in so lvent 
M ole  fraction  of b en zen e  in em ulsion
M ole fraction  of hexane in so lv en t 
M ole fract io n  of hexane in em ulsion
The sep aratio n  fa c to r  is  analogous to the re la t iv e  v o la t i l i ty  in 
d is t i l la t io n .  For a l l  u sefu l sep aratio n  p r o c e s s e s ,  the sep aratio n  facto r  
must e x ce e d  u n ity ,  and the greater  the sep aratio n  fa c to r ,  the g reater  the 
degree o f se p a ra tio n .  If the separation  fa c to r  is  u n ity ,  no sep aratio n  
is  a cco m p lish e d .  Follow ing is  the d is c u s s io n  of the e f fe c t s  of the 
v a r ia b le s  s tu d ied .
Com position of Feed
The data for the sep aratio n  fa c to r ,  permeate com p osition  and the 
com position  of the product remaining in the em ulsion at various feed 
com p osition s is  shown in Table  3 .
From Figure 6 re la tin g  sep aratio n  fa c to r  and feed  com position  
and Figure 7 re la ting  the com position  of ben zen e  in perm eate and the com ­
p o sition  of b en zen e  in f e e d ,  i t  is  apparent that both the sep aratio n  factor  
and permeate com position  vary with the feed  co m p o sit io n . The permea­
tion of a m o lecu le  through a membrane may depend upon the so lu b il i ty  
of the m olecu le  in the membrane and the d if fu s iv ity  of the m o lecu le
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EFFECT OF FEED COMPOSITION ON SEPARATION FACTOR
Time of mixing for e m u ls if ica t io n  =  10 m in u tes ,  R . P . M .  = 1 500 ,  c o n ta c t  
time with so lv e n t =  5 m in u tes , amount of so lv en t = 190 c . c .  , amount of 
su rfactan t so lution  =  50 c . c .  , co n cen tra tio n  of su rfactan t = 1% by 
w e ig h t .
TABLE 3
N o . Volume of 
Benzene in 
original 
m ixture, c . c .
Volume of n -  
H exane in 
original 
m ix tu re , c  . c ,
W eight of 
Benzene in 
original m ix- 
. tu re ,  grams
W eight of n -  
H exane in 
orig inal m ix­
tu re ,  grams
1 5 7 . 0 0 0 . 0 5 0 . 0 0 0 . 0
2 5 1 . 2 0 7 . 6 4 5 . 0 0 5 . 0
3 45 .5 15 .2 4 0 . 0 1 0 . 0
4 3 9 . 8 2 2 . 8 3 5 . 0 1 5 . 0
5 3 4 . 2 3 0 . 4 3 0 . 0 2 0 . 0
6 2 8 . 5 3 8 . 0 2 5 . 0 2 5 . 0
7 2 2 . 8 4 5 . 5 2 0 . 0 3 0 . 0
8 1 7 . 1 5 3 . 1 1 5 . 0 3 5 . 0
9 1 1 . 4 6 0 . 7 1 0 . 0 4 0 . 0
10 0 5 . 7 6 8 . 4 0 5 . 0 4 5 . 0
11 0 0 . 0 7 6 . 0 0 0 . 0 5 0 . 0
25
TABLE 3 — Continued
M oles  of Benzene 
in original m ix tu re , 
gram moles'
M o les  of n -H ex an e  
in original m ix tu re , 
gram moles
Total m oles in f e e d ,  
gram m oles
0 . 6 4 0 1 0 . 0 0 0 0 0 . 6 4 0 1
0 . 5 7 6 1 0 . 0 5 8 0 0 . 6 3 4 1
0 . 5 1 2 1 0 . 1 1 6 0 0 . 6 2 8 1
0 . 4 4 8 1 0 . 1 7 4 0 0 . 6 2 2 1
0 . 3 8 4 1 0 . 2 3 2 0 0 . 6 1 6 1
0 . 3 2 0 1 0 . 2 9 0 1 0 . 6 1 0 2
0 . 2 5 6 0 0 . 3 4 8 1 0 . 6 0 4 1
0 . 1 9 2 0 0 . 4 0 6 1 0 . 5 9 8 1
0 . 1 2 8 0 0 . 4 6 4 1 0 . 5 9 2 1
0 . 0 6 4 0 0 . 5 2 2 2 0 . 5 8 6 2
0 . 0 0 0 0 0 . 5 8 0 2 0 . 5 8 0 2
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TABLE 3 — Continued
M ole fract ion  of 
Benzene in original 
mixture
R efractive  index of 
product permeated 
' in so lv en t
R efractive  ind ex of 
product remained in 
em ulsion
1 . 0 0 0 0 1 . 4 9 6 0 1 . 4 9 6 0
0 . 9 0 8 5 1 . 4 8 7 0 1 . 4 6 0 0
0 . 8 1 5 3 1 . 4 7 9 0 1 . 4 3 3 0
0 . 7 2 0 3 1 . 4 7 2 0 1 . 4 1 8 0
0 . 6 2 3 4 1 . 4 6 4 0 1 . 4 0 7 0
0 . 5 2 4 5 1 . 4 5 6 0 1 . 3 9 9 0
0 . 4 2 3 7 1 . 4 4 1 0 1 . 3 9 3 0
0 . 3 2 1 0 1 . 4 3 0 0 1 . 3 8 7 0
0 . 2 1 6 1 1 . 4 0 7 0 1 . 3 8 4 0
0 . 1 0 9 1 1 . 3 9 4 7 1 . 3 7 9 5
0. 0000 1 . 3 7 6 0 1 . 3 7 6 0
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TABLE 3 — Continued
M ole fract ion  of 
Benzene in perm eat­
ed product 
C B. S  .
M ole  fraction  of 
n -H ex a n e  in 
permeated product 
C H . S .
C B . S .
C H . S .
M ole  fraction  of 
Benzene in product 
from em ulsion 
C B . E .
1 .0000 0 . 0 00 0 — 1 . 000
0 . 9 3 0 0 0 . 0 7 0 0 1 3 . 2 8 5 7 0 . 7 7 0
0 . 8 8 0 0 0 . 1 2 0 0 0 7 . 3 3 3 3 0 . 5 8 0
0 . 8 4 0 0 0 . 1 6 0 0 05 . 2 5 0 0 0 . 4 6 0
0 . 7 9 5 0 0 . 2 0 5 0 0 3 . 8 7 8 0 0 . 3 6 0
0 . 7 4 5 0 0 . 2 5 5 0 0 2 . 9 2 1 5 0 . 2 8 0
0 . 6 4 0 0 0 . 3 6 0 0 0 1 . 7 7 7 7 0 . 2 1 5
0 . 5 5 5 5 0 . 4 4 4 5 0 1 . 2 4 9 7 0 . 1 4 7
0 . 3 6 0 0 0 . 6 4 0 0 0 0 . 5 6 2 5 0 . 1 0 8
0 . 2 3 5 0 0 . 7 6 5 0 0 0 . 3 0 7 1 0 . 0 5 0
0 . 0 00 0 1 .0000 — 0 . 0 00
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TABLE 3 — Continued
M ole fract io n  of C g #£ # Separation  _  C g ^   ̂ C w p
n -h e x a n e  in product ^ h 7 e~. fac to r  C j j  g X Cg £
from em ulsion
CH . E .
0 . 0 0 0 — —
0 . 2 3 0 3 . 3 4 7 8 3 . 9 6 8 4
0 . 4 2 0 1 . 3 8 0 9 5 . 3 1 0 5
0 . 5 4 0 0 . 8 5 1 8 6 . 1 6 3 4
0 . 6 4 0 0 . 5 6 2 5 6 . 8 9 4 2
0 . 7 2  0 0 . 3 8 8 8 7 . 5 1 4 1
0 . 7 8 5 0 . 2 7 3 8 6 . 4 9 2 6
0 . 8 5 3 0 . 1 7 2 3 7 . 2 5 3 0
0 . 8 9 2 0 . 1 2 1 0 4 . 6 4 8 7
0 . 9 5 0 0 . 0 5 2 6 5 . 8 3 8 4
1.000





















Fig. 7 - Relationship between mole fraction of benzene in solvent 
and mole fraction of benzene in feed.
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through the membrane (6). The so lu b ility  of a mixture of two so lu te s  in a 
so lv en t is  independent of the com position  of the mixture if  there are no 
mutual so lu b ility  e f f e c t s .  Under th e s e  co n d it io n s ,  the so lu b ility  will be  
independent of feed com position  and,  h e n c e ,  if  the so lu b il i ty  is  the only 
controlling  facto r  for the tran sfer  of a m ateria l through a m em brane, the 
sep aratio n  facto r  would b e  independent of the feed com position  (6). 
D iffu siv ity  depends upon co n cen tra tio n  o f the m aterial and,  h e n c e ,  if 
the d iffu s iv ity  is  the only  contro lling  fa c to r ,  the sep aratio n  facto r  will 
change with the feed  co m p o sit io n . In th is  c a s e ,  the com position  of the 
m aterial that is  transferred  through the membrane may depend upon the 
structure of the m em brane. The structure of the membrane may be  such 
th a t ,  when d iffu siv ity  is  the co n tro llin g  fa c to r ,  the re la t iv e  proportion of 
the mixture of ben zen e  and n -h e x a n e  which can  p a ss  through the mem­
brane is  independent of the com position in the dro p le t.
The experim ental re su lts  showed th at both the sep aratio n  facto r  
and perm eate com position  depend upon feed  co m p o sit io n . It may be 
concluded that both the so lu b il i ty  and d iffu siv ity  of the perm eate m o le ­
c u le  in the membrane are important in the p resen t c a s e .
A plot re la tin g  the mole fraction  of ben zen e  in the perm eate and 
mole fract io n  of b en zen e  remaining in the droplet is  shown in Figure 8 . 
The com parison of the diagram with the v ap o r-liqu id  equilibrium diagram 
in Figure 1, for the separation  by d is t i l la t io n  for the same sy s te m , shows 
the additional sep aratio n  th at can  be  a ch iev ed  bydiquid  membrane t e c h ­




















Fig. 8 -  Relationship between mole fraction of benzene in solvent 
and mole fraction of benzene in emulsion.
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liquid membranes su g g e st  that the tech niqu e seem s to be very promising 
for the sep aratio n  of ben zen e  and n -h e x a n e .
Benzene is  f iv e  tim es more so lu b le  in water than is  h e x a n e .  It 
h as  been observed  that b en zen e  is  more perm eable through the liquid 
membrane than h e x a n e .  It seem s re a so n a b le  that there may be  some 
re la tio n sh ip  betw een the amount of ben zen e  p a ss in g  through the membrane 
and the so lu b il i ty  of b en zen e  in the m em brane.
For 0 .1  to 0 . 9  mole fraction  of ben zen e  in the f e e d ,  the sep aratio n  
facto r  varied from 3 . 9 6  to 7 . 5 1 ,  with an average value of approxim ately 
6 .  T h ese  v a lu es  are q u ite  high compared with th e  v a lu e s  of the separation  
factor  of 3 for the sam e system  found by Li (6) with a d ifferent su r fa c ta n t .  
On the b a s is  of the av erage  v a lu e  of sep aratio n  fa c to r ,  an equation r e la t ­
ing the com position  of ben zen e  in the perm eate product to the co m p o si­
tion  o f benzene  in the product remaining in e m u lsion , can  be w ritten .
JL
1-Y = = Average v a lu e  of sep aratio n  factor
_X_
1-X
Y = *  X_______________________
1 +  K - l )  X
Su bstitu tin g  o< =  6
Y = 6X
1 +  5X
This equation is  analogous to the equation of the equilibrium 
curve in d is t i l la t io n .  The equation re p rese n ts  a re la t io n sh ip  betw een  the 
com position  of ben zen e  in the permeated product to the com position  of
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benzene in the product le f t  in the em ulsion under the cond itions of the 
experim ent. The curve represented  by the above equation is  shown in 
Figure 8 .  The curve c lo s e ly  rep resen ts  the experim ental data p o in ts .
C o n tac t  time with So lvent
It would be  exp ected  th at for short c o n ta c t  tim es , the separation  
facto r  would be very high and that it will d e c re a s e  gradually  until for very 
large  co n ta c t  t i me s ,  there  would not be any se p a ra tio n .  Su rp ris ing ly , it 
was found that the sep aratio n  factor  was low for short c o n ta c t  tim es (2 
m in u te s ) , that i t  in c re a se d  gradually  until i t  reached  a maximum and then 
it d e cre a sed  with in creas in g  c o n ta c t  t im e . Two s e ts  of experim ents were 
performed and the sep aratio n  fa c to r  was c a lc u la te d  using the av erage  
value of the co m p o sit io n . The data for the sep aratio n  facto r  a t  d ifferent 
c o n ta c t  tim es are given in Table 4 .  As it  ca n  be s e e n  from the graph of 
sep aratio n  fa c to r  v ersu s c o n ta c t  time with so lv en t in Figure 9 ,  the m axi­
mum v alu e  of the sep aratio n  factor  o ccu rs  a t  a c o n ta c t  time of about 10 
m in u te s .
The low v alu es  for sep aratio n  fa c to r  for short c o n ta c t  tim es can  be 
explained a s  fo llo w s: The em ulsion of the mixture of ben zen e  and hexane 
with Spark leen  su rfactan t under the cond itions of the experim ent is  not 
p e r fe c t .  Some of the mixture of ben zen e  and hexane  is  not em u lsified  at 
a l l ,  so  that when the em ulsion is  co n ta c te d  with the s o lv e n t ,  the mixture 
th at i s  not em ulsified  goes im m ediately into the so lv e n t with no s e p a ra ­
tion and a reduction in the v a lu e  of the sep aratio n  fa c to r  r e s u l t s .  As the
TABLE 4
SEPARATION FACTOR VERSUS CONTACT TIME WITH SOLVENT
Time of mixing for em u lsification  = 10 m inu tes , R . P . M .  = 1500 ,  mole fraction  of benzene in original 
mixture = 0 . 5 2 4 5  , amount of so lvent = 2 00 c  . c  . , amount of su rfactant solution = 40 c  . c . , su rfactant 
concentration  = 1% by weight
No. C ontact time R efractive index of product permeated M ole fraction of Benzene in permeated
with so lv e n t , in so lvent product
minutes Set I S e t  II S e t  I Se t  II
1 0 0 0 . 5 1 . 4 6 0 0 1 . 4 5 6 0 0 . 7 7 0 0 0 . 7 4 5 0
2 0 0 2 . 0 1 . 4 5 5 0 1 . 4542 0 . 7 4 0 0 0 . 7 3 5 0
3 0 0 5 . 0 1 . 4572 1 . 4 5 3 5 0 . 7 5 5 0 0 . 7 3 0 0
4 0 1 0 . 0 1 . 4 4 8 4 1 . 4 5 2 0 0 . 6 9 8 0 0 . 7 2 0 0
5 02 0 . 0 1 . 4 4 9 0 1 . 4 4 8 0 0 . 7 0 0 0 . 6 9 3 0
6 0 3 0 . 0 1 . 4 4 1 8 1 . 4 4 3 6 0 . 6 5 0 0 0 . 6 6 0 0
7 0 5 0 . 0 1 . 4 3 6 0 1 . 4 3 9 0 0 . 6 0 4 0 6 . 6 2 7 0
8 1 20 . 0 1 . 4 2 9 0 * 1 . 4 2 9 0 * 0 . 5 2 4 5 0 . 5 2 4 5
*A11 the mixture goes into so lv e n t .
TABLE 4 — Continued
Average mole fraction 
of benzene in permeat­
ed product
C B . S .
Average mole fraction 
o f hexane in permeat­
ed product 
C H . S .
C B . S .
CH . S .
Refractive index of 
product remained in 
emulsion
Set I Se t II
M ole fraction  of benzene in 
product from emulsion
Set I Se t II
0 . 7 5 7 5 0 . 2 4 2 5 3 . 1 2 3 7 1 . 4 0 6 6 1 . 4 1 1 8 0 . 3 5 5 0 0 . 4 0 5
0 . 7 3 7 5 0 . 2 6 2 5 2 . 8 0 9 5 1 . 4 0 6 6 1 . 4 0 5 8 0 . 3 5 5 0 0 . 3 5 0
0 . 7 4 2 5 0 . 2 5 7 5 2 . 8 8 3 5 1 . 3 9 9 8 1 . 4 0 6 0 0 . 2 8 5 0 0 . 3 5 1
0 . 7 0 9 0 0 . 2 9 1 0 2 . 4 3  64 1 . 3 9 7 0 1 . 4042 0 . 2 5 8 0 0 . 3 3 5
0 . 6 9 6 5 0 . 3 0 3 5 2 . 2949 1 . 3 9 9 0 1 . 4012 0 . 2 8 0 0 0 . 3 0 1
0 . 6 5 5 0 0 . 3 4 5 0 1 . 8 9 8 6 1 . 4 0 0 6 1 . 4 0 1 4 0 . 2 9 5 0 0 . 3 0 2
0 . 6 1 5 5 0 . 3 8 4 5 1 . 6 0 0 8 1 . 4 0 6 6 1 . 4 0 5 6 0 . 3 5 5 0 0 . 3 4 8
0 . 5 2 4 5 0 . 4 7 5 5 1 . 1 0 3 0 — — — —
TABLE 4 — Confirm fid
Average mole fraction 
of benzene in product 
from em ulsion,
C B. E .
Average mole fraction  
of n -h exan e  in product 
from em ulsion ,
CH . E .
C B. E .





0 . 3 8 0 0 0 . 6 2 0 0 0 . 6 1 2 9 5 . 0 9 6 5
0 . 3 5 2 5 0 . 6 4 7 5 0 . 5 4 4 4 5 . 1 6 0 7
0 . 3 1 8 0 0 . 6 8 2 0 0 . 4 6 6 2 6 . 1 8 5 1
0 . 2 9 6 5 0 . 7 0 3 5 0 . 4 2 1 4 5 . 7 8 1 6
0 . 2 9 0 5 0 . 7 0 9 5 0 . 4 0 9 4 5 . 6 0 5 5
0 . 2 9 8 5 0 . 7 0 1 5 0 . 4 2 5 5 4 . 4620
C H. E .











Fig. 9-Separation factor versus contact time with 
solvent.
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co n ta c t  time was in c r e a s e d ,  the so lv en t phase becam e r ich  in ben zen e  
and,  h e n c e ,  the separation  fa c to r  in c re a s e d .  However a t very high 
co n ta c t  t i me s ,  the sep aratio n  facto r  d e cre a sed  for the follow ing re a s o n s :  
1 .  The s ta b i l i ty  of the em ulsion is  l im ite d .  The em ulsion will 
break allow ing a l l  of the b en zen e  and hexane  to go into the 
so lv en t a t large  c o n ta c t  t i m e s .
2 . The drops becom e r ich  in h exane and le a n  in b e n z e n e .  Then 
each  component will permeate co m p lete ly  into the so lv e n t  if  
s u ff ic ie n t  c o n ta c t  time is  a llo w e d .
If  a l l  the droplets of the mixture of ben zen e  and h exane are c o v e r ­
ed with the liquid m em brane, the separation  fa c to r  should be very high at 
short c o n ta c t  tim es and should d e c re a s e  a s  the c o n ta c t  time is  in c r e a s e d .  
P o ss ib ly  the re a so n s  for not having a p erfec t  em ulsion may be  the s e l e c ­
tion o f  improper mixing sp e e d ,  time of mixing and the type of mixing v e s ­
s e l  for e m u ls if ic a t io n .  Further study should be d irected  toward the in ­
v es t ig a tio n  of th e s e  v a r ia b le s .
The plot of mole fraction  of ben zen e  in so lv e n t v ersu s  mole f r a c ­
tion of ben zen e  in em ulsion in Figure 8 depends upon the c o n ta c t  time 
and other experim ental c o n d i t io n s . One data point for a c o n ta c t  time of 
50 m in u tes ,  i s  shown in Figure 8 and the e x p e cte d  re la tio n sh ip  betw een 
mole fract io n  o f ben zen e  in so lv e n t to mole fract io n  of b en ze n e  in emul­
sio n  is  shown by a dotted curve p ass in g  through the data p o int.
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Amount of So lv ent
The function of the so lv e n t in the sep aratio n  by liquid membrane 
is  to provide a medium for re ce iv in g  the perm eates (6). H en ce  i t  might 
be exp ected  th at the amount of so lv e n t should not a f fe c t  the separation  
fa c to r .  However the amount of so lv en t has some e f fe c t  on separation  
factor  as  shown in Table 5 .  In Figure 10 the sep aratio n  fa c to r  is  plotted 
a g a in s t  volume of s o lv e n t .  B e ca u se  of the shortage of s ig n if ic a n t  d a ta ,  
no attempt was made to draw a smooth curve p ass in g  through th e s e  data 
p o in t s .
The data seem to be more d isp ersed  and it  c a n  be sa id  that the 
separation  factor  is  about co n sta n t  and independent of the volume of 
so lv en t for 180 ml to 250 ml of so lv e n t .
For the volumes of so lv en t lower than 180 m l, the sep aratio n  
facto r  is  low b e c a u s e  the droplets are  c lo s e r  to geth er  in the so lv e n t and,  
co n se q u e n tly ,  are more l ik e ly  to c o a l e s c e .  This red u ces  the total 
su rface  area  a v a i la b le  for tran sfer  and it  in c r e a s e s  the p o s s ib i l i ty  for 
break-u p  of the m em brane-covered m ix tu re .
One would e x p e c t  that for volum es of so lv en t greater  than 25 0 ml 
the sep aratio n  facto r  should a ls o  be independent of the amount of so lvent. 
H ow ever, the sep aratio n  factor  w as found to b e  low er for volum es of s o l ­
vent betw een  250 ml and 300  m l. The re a so n  for th is  u n expected  b e ­
havior of the system  at very large  volumes of so lv e n t may be explained  
a s  fo llow s . As the amount of so lv e n t in c r e a s e s  the overa ll  driving force  
for both the co m p o n e n ts , which is  the d iffe ren ce  betw een the c o n c e n tra -
TABLE 5
VARIATION OF SEPARATION FACTOR WITH VOLUME OF SURFACTANT SOLUTION
Time of mixing for em u lsifica tion  = 10 m in u tes , R . P . M .  = 1500 ,  co n ta c t  time with so lvent = 5 m in u tes . 
M ole fraction of Benzene in original mixture = 0 . 5 2 4 5 ,  amount of su rfactant so lution = 50 c . c .  , co n ce n tra ­
tion of su rfactant = 1% by w eight.
No. Volume of
solvent
c . c .
Refractive index of 
product permeated 
in so lvent
R efractive  index of 
product remained in 
emulsion
M ole fraction  of 
Benzene in per­
meated product, 
C B . S .
M ole fraction  of 
n -H ex an e  in per­
meated product 
C H . S .
° B . S .
UH . S .
1 100 1 . 4 5 2 8 1 . 4 1 9 3 0 . 7 2 5 0 . 2 7 5 2 . 6 3  63
2 120 1 . 4 5 9 8 1 . 4 1 2 0 0 . 7 7 0 0 . 2 3 0 3 . 3 4 7 8
3 140 1 . 4 5 3 0 1 . 4 0 7 0 0 . 7 2  6 0 . 2 7 4 2 . 6 4 9 6
4 160 1 . 4 5 3 2 1- 4042 0 . 7 2  7 0 . 2 7 3 2 . 6 6 3 0
5 180 1 . 4542 1 . 4 0 1 0 0 . 7 3 5 0 . 2 6 5 2 . 7 7 3 5
6 190 1 . 4 5 6 0 1 . 3 9 9 0 0 . 7 4 5 0 . 2 5 5 2 . 9 2 1 5
7 200 1 . 4 5 0 4 1 . 3 9 7 0 0 . 7 1 0 0 . 2 9 0 2 . 4 4  82
8 225 1 . 4 4 8 0 1 . 3 9 5 3 0 . 6 9 5 0 . 3  05 2 . 2 7 8 6
9 250 1 . 4 5 0 5 1 . 3 9 3 0 0 . 7 1 0 0 . 2 9 0 2 . 4 4 8 2
10 275 1 . 4 3 8 0 1 . 3 9 6 2 0 . 6 2  0 0 . 3 8 0 1 . 6 3 1 6
11 300 1 . 4 3 3 0 1 . 3 9 2 0 0 . 5 8 0 0 . 4 2 0 1 . 3 8 0 9
TABLE 5--C ontinued
M ole fraction of M ole fraction  of
Benzene in product n -H ex an e  in product C B . E . Separation factor  = Cg . g  .
from em u lsio n , from em ulsion , C H . E . CH . S ,
C B. E . C H . E .
0 . 4 1 0 0 0 . 5 9 0 0
0 . 4 0 8 0 0 . 5 9 2 0
0 . 3 6 0 0 0 . 6 4 0 0
0 . 3 3 2 0 0 . 6 6 8 0
0 . 3 0 0 0 0 . 7 0 0 0
0 . 2 8 0 0 0 . 7 2 0 0
0 . 2 5 7 5 0 . 7 4 2 5
0 . 2 4 0 0 0 . 7 6 0 0
0 . 2 8 0 0 0 . 7 2 0 0
0 . 2 5 0 0 0 . 7 5 0 0
0 . 2 0 5 0 0 . 795"0
0 . 6 9 4 9 3 . 7 9 3 7
0 . 6 8 9 1 4 . 8 5 8 2
0 . 5 6 2 5 4 . 7 1 0 4
0 . 4 9 7 0 5 . 3 5 8 1
0 . 4 2 8 5 6 . 4 7 2 5
0 . 3 8 8 8 . 7 . 5 1 4 1
0 . 3 4 6 8 7 . 0 5 9 4
0 . 3 1 5 7 7 . 2 1 7 6
0 . 3 8 8 8 7 . 7 6 1 1
0 . 3 3 3 3 4 . 8 9 5 2
0 . 2 5 7 8 5 . 3 5 6 4
Fig. 10 -  Effect of amount of solvent on separation factor.
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tion of a component in the droplet and the co n cen tra tio n  of the sam e 
component in the s o lv e n t ,  i n c r e a s e s .  Also the droplets  are more d i s ­
persed and the tran sfer  area is  a ls o  in c r e a s e d .  This may re su lt  in fa s te r  
tran sfer  ra te s  for both benzene  and h e x a n e .  The in crea se d  tran sfer  ra te s  
l ik e ly  have the sam e e f fe c t  a s  in c re a se d  c o n ta c t  t i me j  W here" it was 
found that for larg e  co n ta c t  tim es the separation  factor  w as d e c r e a s e d .
The Amount of Su rfactant Solution 
The separation  would be exp ected  to depend upon the volume of 
su rfactan t so lution  b e c a u s e  the amount of su rfac tan t so lution  used is  
d ire c t ly  re la ted  to the droplet s iz e  and membrane th ic k n e s s .  For a 
d efin ite  volume of feed there  is l ik e ly  some minimum quantity  of su r fa c t­
ant so lution  n e c e s s a r y  to form a s ta b le  e m u lsion . If the amount of sur­
fa c ta n t  so lution  is  l e s s  than t h i s ,  the sep aratio n  factor  would be low 
b e c a u s e  not a l l  the mixture of b e n zen e  and h exane would be covered with 
the liquid membrane. If the amount of su rfactan t so lution  is  more than 
the minimum v a lu e ,  the sep aratio n  fa c to r  could be exp ected  to be in ­
dependent of the amount of su rfactan t so lu t io n .  Table  6 shows the 
various v a lu e s  of sep aratio n  facto r  and amount of su rfac tan t so lution  and 
Figure 11 shows the re la t io n sh ip  betw een  sep aratio n  facto r  and amount of 
su rfactan t so lu t io n .  The sep aratio n  fa c to r  is  low for sm all volumes of 
su rfac tan t so lution  and then it  in c r e a s e s  until it  i s  independent of the 
amount of su rfactan t so lu t io n .  The minimum amount of su rfac tan t so lu ­
tion th at is  needed is  about 3 0 m l.
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TABLE 6
VARIATION OF SEPARATION FACTOR WITH 
VOLUME OF SURFACTANT SOLUTION
Time of mixing for e m u ls if ica t io n  = 1 0  m in u tes ,  R . P . M .  = 15 0 0 ,  c o n ta c t  
time with so lv en t = 5 m in u te s , mole fraction  of Benzene in original 
mixture = 0 . 5 2 4 5  , co n cen tra tio n  of su rfactan t = 1% by w eig h t, amount of 
so lv e n t = 190 c . c .
N o. Volume of su rfactan t R efractive  index of R efractive  index of
s o lu t io n , c  . c . product permeated product remained in
in so lv e n t em ulsion
1 50 1 . 4 5 6 0 1 . 3 9 9 0
2 40 1 . 4 5 7 2 1 . 3 9 9 8
3 30 1 . 4 5 5 4 1 . 4 0 0 0
4 20 1 . 4 5 2 2 1 . 3 9 7 8
5 10 1 . 4 3 2 0 1 . 4 0 1 0
M ole fract ion  of 
Benzene in per­
meated product, 
C B . S .
M ole  fraction  of 
n -H ex a n e  in p e r-  Cg o 
meated product g
C H . S  .
M ole  fract io n  of 
Benzene in product 
from em ulsion
C B . E .
0 . 7 4 5 0 . 2 5 5 2 . 9 3 1 5 0 . 2 8 0
0 . 7 5 5 0 . 2 4 5 3 . 0 8 1 6 0 . 2 8 7
0 . 7 4 2 0 . 2 5 8 2 . 8 7 5 9 0 . 2 9 0
0 . 7 2 0 0 . 2 8 0 2 . 5 7 1 4 0 . 2 6 5
0 . 5 7 2 0 . 4 2  8 1 . 3 3 6 4 0 . 3 0 0
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TABLE 6— Continued.
M ole  fraction  of 
n -H ex a n e  in 
product from 
e m u ls io n ,









C B . S  .
Separation  fa c to r  = C u  0ri . o .
C H . E .
X p
° B . E .
0 . 7 2 0 0 . 3 8 8 0 7 . 5 2 9 6
0 . 7 1 3 0 . 4 0 2 5 7 . 6 5 6 1
0 . 7 1 0 0 . 4 0 8 4 7 . 0 4 1 8
0 . 7 3 5 0 . 3 6 0 5 7 . 1 3 2 8
0 . 7 0 0 0 . 4 2 8 5 3 . 1 1 8 7
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Fig. I I -E f fe c t  of amount of surfactant solution on separation 
factor.
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From the above re s u lts  i t  ca n  be concluded that the ratio  of the 
th ic k n e s s  of the membrane to the m ass tran sfer  area is  co n sta n t  b e c a u s e  
of the independence of sep aratio n  factor  and volume of su rfactan t so lu ­
tion for larger volumes of su rfactan t so lu t io n .  In other words , an in ­
c r e a s e  in the amount of su rfactan t so lution  may re s u lt  in a th ick er  mem­
brane but the m ass tran sfer  area  is  a ls o  in c re a se d  to keep  the sep aratio n  
factor c o n s ta n t .
C oncentration  of Su rfactan t
Li (7) found th at the sep aratio n  facto r  is  independent o f the sur­
fa c ta n t  co n ce n tra t io n .  This led him to the co n c lu s io n  that th e  membrane 
is  com posed of a fixed  number of la y e rs  of w ater and su r fa c ta n t .
Table  7 shows the data for the sep aratio n  facto r  for various c o n ­
ce n tra t io n s  of su r fa c ta n t .  In Figure 12 sep aratio n  fa c to r  is  plotted 
a g a in s t  co n cen tra tio n  of su r fa c ta n t .  It seem s that the sep aratio n  facto r  
is  low for low co n cen tra tio n  of su rfactan t and i t  in c r e a s e s  a s  su rfactan t 
co n cen tra tio n  is  in c r e a s e d .  At about 1% by w eight su rfactan t co n c e n tra ­
t io n ,  the sep aratio n  facto r  is  maximum and then for higher co n cen tra tio n  
of su r fa c ta n t ,  the sep aratio n  facto r  d e c r e a s e s .
At low su rfactan t co n ce n tra t io n ,  the membrane may b e  com posed 
of very few la y ers  of water and su r fa c ta n t ,  and a l s o ,  there are  re la t iv e ly  
few m o le cu les  of su rfactan t in the membrane surrounding the d ro p le ts .
The su rfactan t m o le cu les  are probably oriented  around the droplets in the 
membranes in su ch  a way that they  are re sp o n s ib le  for the formation o f the 
liquid m em brane. In the a b s e n c e  of enough su rfac tan t m o le cu les  in the
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TABLE 7
EFFECT OF SURFACTANT CONCENTRATION ON 
SEPARATION FACTOR
Time of mixing for e m u ls if ica t io n  = 10 m in u tes ,  R . P . M .  =  15 00 ,  c o n ta c t  
time with so lv en t = 5 m in u tes ,  mole fraction  of Benzene in original 
mixture = 0 . 5 2  45 , amount o f  so lv en t =  190 c . c .  , amount of su rfactan t 
so lution  = 50 c . c .
No.  Surfactant R efractive  index R efractive  ind ex M o le  fract io n
co n cen tra tio n  of produce p er-  of product rem ain - of Benzene
% by w eight meated in so lv e n t  ed in em ulsion in permeated
p ro d u ct,
C B. S  .
1 0 . 2 0
2 0 . 5 0
3 0 . 7 5
4 1 . 0 0
5 1 . 5  0
6 2 . 0 0
1 . 4 3 6 0
1 . 4 5 6 8
1 . 4 5 9 4
1 . 4 5 6 0
1 . 4 4 1 4
1 . 4 2 6 8
1 . 4 0 9 4  
1 . 4 0 5 6  
1 . 4 0 8 0  
1 . 3 9 9 0  
1 . 4 0 1 0  
1 . 4 1 2 0
0 . 6 0 5
0 . 7 5 0
0 . 7 7 0
0 . 7 4 5
0 . 6 4 0
0 . 5 3 0
M ole fract ion  of M ole  fract io n  of M ole  fract io n  of n -
n -H ex a n e  ,in p er- C b  s  . Benzene in product H exane in product
meated product C w r from e m u ls io n , from em u lsion ,
C H . S . C B. E CH . E .
0 . 3 9 5 1 . 5 3 0 0 0 . 3 8 5 0 . 6 1 5
0 . 2 5 0 3 . 0 0 0 0 0 . 3 5 0 0.. 650
0 . 2 3 0 3 . 3 4 7 8 0 . 3 7 0 0 . 6 3  0
0 . 2 5 5 2 . 9215 0 . 2 8 0 0 . 7 2  0
0 . 3 6 0 1 . 7 7 7 7 0 . 3 0 0 0 . 7 0 0
0 . 4 7 0 1 . 1 2 7 6 0 . 4 1 5 0 . 5 8 5
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TABLE 7 --C o n tin u e d
C B . E .  C B . S . C R E
C H . E .  Separation  factor  = C h > s >  c b e
0 . 6 2 6 0
0 . 5 3 8 4
0 . 5 8 7 3
0 . 3 8 8 8
0 . 4 2 8 5
0 . 7 0 9 4
2 . 4 5 0 0  
5 . 5 7 2 0  
5 . 7 0 0 3  
7 . 5 1 4 1  
4 . 1 4 8 6  
1 . 5 8 9 5
Fig. 12 - Effect of surfactant concentration on separation factor.
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membrane, a s  shown in Figure 1 3 ,  there  is  a greater  ch a n ce  for break up 
of the membrane and,  h e n c e ,  the sep aratio n  facto r  is  low for low  c o n c e n ­
tration of su rfa c ta n t .
At higher co n cen tra tio n  there  are enough su rfactan t m o lecu les  
a v a i la b le  in the membrane around the droplets to make the membrane more 
s t a b le .  H ow ever, s in c e  the su rfactan t co n cen tra tio n  i s  hi gh,  there is  
l e s s  w ater in the m em brane. The tran sfer  of m ater ia ls  through the mem­
brane depends in part on the so lu b il i ty  of the m aterial in w ater .  But 
s in c e  there is  a re la t iv e ly  sm all amount of water in the membrane a t  h igh­
er co n cen tra tio n  of su rfactan t a s  showin in Figure 12 the sep aratio n  factor  
w ill d e c r e a s e .  Another reaso n  for the d e c r e a s e  in the sep aratio n  fa c to r  
a t higher co n cen tra tio n  could be the in crea se d  r e s i s t a n c e  of su rfactan t 
m o lecu les  in the membrane to the tran sfer  of m ater ia ls  through m em brane.
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Fig. I3A -  Structure of membrane at low surfactant concentration.
The membrane is not stable because of lack of enough 
surfactant molecules.
Fig. 13B -  Structure of membrane at higher surfactant concentration. 
The liquid membrane is more stable in this case , but 
there is less water in the membrane and there is more 
resistance of surfactant molecules for the transfer of 
materials through the membrane .
CHAPTER V
EXPERIMENTAL AND THEORETICAL ERRORS
In th is  chap ter a b rie f  l is t in g  of the errors and a rough estim ate  
of th eir  magnitudes is  d i s c u s s e d .
The sim ple d is t i l la t io n  p ro ce ss  u sed to reco v er  the mixtures of 
benzene and hexane from the so lv en t and em ulsion p h ases  may contribute  
to the sep aratio n  p ro ce ss  to some e x te n t .  In order to c h e c k  the re su lts  of 
separating  the mixture from the em ulsion p h a s e ,  a mixture of b en zen e  and 
n - h e x a n e , 5 0% e a ch  by w eight was prepared. To th is  mixture 3 ml of 
heavy mineral o il  and about 5 0 ml of su rfactan t so lu tion  were added.
T h ese  m ateria ls  were added in order to sim ulate  the co nd itio ns under 
which the experim ental data were taken  in the p resen t stu d y . The 
mixture was d is t i l le d  a t  a temperature somewhat below  1 0 0 °  C and the 
re fra c t iv e  index of the d is t i l la t e  was m easu red . The re fra c t iv e  index of 
the original mixture and the d is t i l la te  sam ple were found to be the sam e 
( 1 .4 2 9 ) .
For the sep aratio n  of the mixture from the s o lv e n t ,  the re su lts  
for the re fra c t iv e  index of the mixture before  and a fter  d is t i l la t io n  are 
g iven  in Table 2 . It  is  evident that the re fra c t iv e  index is  about the 
sam e in both the c a s e s  . Thus , s im ple d is t i l la t io n  does not ad v e rse ly  
a f fe c t  the a n a ly s is  of the m ixtures in the various p h a s e s .
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Both ben zen e  and n -h e x a n e  evaporate  a t  a rapid rate  a n d , h e n c e , 
the lo s s  due to evaporation may re s u lt  in some error. In order to d eter­
mine the e f fe c t  of l o s s e s  due to evap o ration , a sam ple of known volume 
and com position  o f b en zen e  and h exan e  was prepared and kept open to 
the atm osphere under the laboratory  c o n d it io n s .  Table 8  sum m arizes the 
r e s u l t s .
As c a n  be s e e n  from Table 8 , about 50% of the mixture was lo s t  in 
8  hours and the com position  of the mixture changed by about 7% . It can  
a ls o  be se e n  that n -h e x a n e  evap orates  a t  a fa s te r  ra te  than benzene  
b e c a u s e  its  boiling  point is  lower than the bo iling  point of b e n z e n e .  The 
lo s s  due to evaporation could re s u lt  in s ig n if ic a n t  errors if the liquids 
are kept open for a long t im e .  Care was taken  to avoid t h i s .
Another important sou rce  of error re s u lts  from the d iff icu lty  in 
transferring m aterial from one v e s s e l  to an o th er .  The m aterial adheres to 
the w alls  and the bottom of the co n ta in er  and com p lete  tra n sfer  is  d if ­
f ic u l t .
The m aterial lo s t  in the d is t i l la t io n  p ro ce ss  a l s o  could re s u lt  in 
some error. Table  2 shows the amount of mixture before  and a fter  the 
d is t i l la t io n .  It can  be  sa id  in general that about 5 c . c .  are  lo s t  for 
every 35 c . c .  of the in it ia l  mixture or about 14% of the mixture is  lo s t  
in the d is t i l la t io n .  H ow ever, the data in d ica te  that d is t i l la t io n  does not 
greatly  a f fe c t  the co m p o sit io n .
The e f fe c t iv e n e s s  of the mixing p ro ce ss  to form the em ulsion 
depends upon many fa c to rs  such  as  the height of liquid in the mixer and
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TABLE 8
EFFECT OF LOSSES DUE TO 
EVAPORATION ON SEPARATION
No. Tim e, hours Total volume 
of mixture , c  . c  .
R efractive  index 
of mixture
M ole  fraction  
of Benzene
1 0 26 1 .4 2 5 0 .5 1 8 0
2 4 19 1 .4 2 7 0 .5 3 3 0
3 8 1 2 1 .4 2 9 0 .5 5 0 0
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the position  of the st irrer  in the l iq u id .  A sm all ch an ge  in th e se  
cond itions may re su lt  in v ar ia tio n s  in the properties of the em ulsions 
form ed.
From the study of the e f fe c t  o f  c o n ta c t  time on separation  fa c to r ,  
i t  is  c le a r  that the em ulsion formed under the experim ental co n d itio n s  in 
th is  work is  not p erfec t and might be improved.
The liquid ben zen e  and hexane were measured using a buret on a 
volume b a s is  . The a c c u ra c y  on a buret is  0 . 1  m l , which r e s t r ic t s  the 
a cc u ra c y  of the f inal re su lts  to some e x te n t .
The re fra c tiv e  ind ex using the Abbe refractom eter ca n  be  m easu r­
ed to an a c c u ra c y  of 0 .0 0 0 2  . H ow ever, if  a sm all quantity  of so lv e n t  is  
d is t i l le d  along with the m ixtu re , i t  can  re s u lt  in a s l ig h t ch an ge  in the 
value of re fra c t iv e  ind ex (See Table  2 ) .  Also the re fra c t iv e  index of 
the mixture was m easured a t  room tem p erature . The room temperature 
may vary from 7 0 °  F to  8 0 °  F , which could re su lt  in a maximum error in 
the com position  of the mixture of about 2% (See Appendix C) .
The separation  of the p h a se s  in the separatory  funnel is  not d is ­
t in c t .  Small volum es of the so lv e n t p hase  may go into the em ulsion 
phase  or sm all q u a n tit ie s  of the em ulsion p hase  may go into the so lv en t 
p h a s e .  This could re s u lt  in  some error, the magnitude of which is  
d if f icu lt  to e s t im a te .
In the p resen t s tu d y , the co m p o sition  data were probably m e asu r  
ed within + 5 % .  In Appendix D , the magnitude of error in c a lc u la t in g  
the sep aratio n  fa c to r  for about +  5% error in com p osition  is  g iv e n .
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It i s  apparent that the 'error in sep aratio n  fa c to r  is  from +33%  to - 2 2 . 8 % 
for + 5 %  error in co m p o sit io n .
CHAPTER VI
ADVANTAGES AND DISADVANTAGES OF THE 
SEPARATION BY LIQUID MEMBRANES
The advantages of the sep aratio n  by liquid membranes are many
(8) .
The liquid of which the membrane is  com posed need only show a 
preference  for one of the components of the mixture and it w ill then 
p re feren tia lly  transm it that component through the m em brane. In the 
sep aratio n  by liquid e x trac tio n  the so lv en t should not only  show a 
p reference  for-one of the com ponents of the mixture but should a ls o  be 
a b le  to hold a s ig n if ic a n t  amount of i t .
The p ro ce ss  could be used for separating  th o se  m ixtures which 
are e ither d if f icu lt  or e x p e n s iv e  to se p a ra te  by the more conven tional 
m e a n s .
The p ro ce ss  can  se p a ra te  m ixtures a t  room temperature and th u s ,  
ca n  be used for h eat s e n s i t iv e  m a te r ia ls .
B e ca u se  of the su rface  te n s io n  e f fe c t s  a s s o c ia te d  with a su rface  
film of liquid su r fa c ta n t ,  liquid membranes do not develop pin h o le s .  
M em branes used in other ap p lica t io n s  (reverse o sm o sis)  have a v ar iab le  
l i f e  depending on operating co n d itio n s and the membranes can  deteriorate  
by developing pin h o les  which a llo w  m ater ia ls  to p ass  without se p a ra tio n .
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Liquid membranes do not need repair or re p lace m e n t.
Liquid membranes do not need m ech an ica l  support.
The s iz e  of the em u lsified  droplets is  very sm all and the membrane 
th ic k n e ss  is  a ls o  s m a l l .  Therefore it  provides a greater  area and poten­
t ia l ly  fa s te r  ra te  for m ass tra n s fe r .
Surfactant and so lv e n t  c a n  be recovered  and u sed  a g a in .
The tran sfer  could be  e ffe c te d  in the re v e rse  d ire c t io n ,  that i s ,  
from so lv en t to d r o p le ts .
The tech niqu e  could be u sed in d iv erse  f ie ld s  su ch  a s  for w ater 
p u rif ica t io n , oxygenation  of b lo o d , sep aratio n  of hydrocarbons or removal 
of arom atics  from steam crack ed  naptha (9).
There are  a ls o  some d isad v an tag es  for the method:
If the s iz e  of the droplet is  la r g e ,  then rupture of the membrane 
will o ccu r  and no sep aratio n  w ill be  e f fe c t e d .  If the s iz e  of the droplet 
is  la r g e ,  the tran sfer  area  w ill be s m a l l .  If  m ater ia ls  are added to m ini­
m ize rupture of the m em brane, the tran sfer  ra te s  may be red u ced . How­
e v e r ,  the sep aratio n  facto r  has b e en  observed  to in c r e a s e  (6 ) .
The tech niqu e requ ires  the u se  of additional c h e m ic a ls  such  a s  , 
a su r fa c ta n t .
The tech n iqu e  is  not s e l f  s u ff ic ie n t  and the mixture is  not d ire c t ly  
se p a ra te d .  Some m eans must be employed to sep ara te  the mixture from 
so lv e n t and em ulsion and th is  adds to the c o s t  of s e p a ra tio n .
The tech niqu e  requires the u se  of some em ulsify ing  and d e e m u ls i-
fying t e c h n iq u e s .
CHAPTER VII
CONCLUSIONS
The separation  of ben zen e  and n -h e x a n e  can  be e ffe c ted  by 
liquid membrane tech n iq u es  using an aqueous so lution  of Sparkleen 
su rfactan t a s  the membrane and heavy mineral o il a s  the so lv e n t to 
r e c e iv e  the p e rm e a te s .  Benzene has a tend ency  to p a ss  through the 
membrane a t  a fa s te r  rate  and h en ce  it is  co n cen tra ted  in the s o lv e n t ,  
w hereas hexane  is concentrated  in the em u lsion .
The sep aratio n  fa c to r  or membrane s e le c t iv i ty  depends upon the 
com position  of the fe e d .  A lso the perm eate com position  v a ries  with the 
feed  co m p o sit io n . From the above re su lts  i t  can  be concluded that both 
the so lu b ility  and d iffu siv ity  of the permeate m o lecu le  in the membrane 
may be important fa c to rs  in the sep aratio n  of b en zen e  and n -h e x a n e  u s ­
ing liquid membrane tech n iq u es  .
The v a lu es  of the sep aratio n  facto r  for 0 .1  to 0 . 9  m ole fract io n  of 
ben zen e  in the feed vary from about 4 . 0  to 7 .5  with an av erage  value of 
about 6 . The higher v a lu es  for the sep aratio n  factor  u sing  liquid mem­
brane tech niqu e compared to d is t i l la t io n  su g g e sts  that the tech niqu e is  
promising for sep aratin g  benzene  and n -h e x a n e .
I t  was found that under the cond itions employed in the presen t 
stu d y , the formation of the em ulsion is  not p e r fe c t .  This, is  shown by the
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low v alu es  of the sep aratio n  factor a t  shorter co n ta c t  t im e s .  For longer 
c o n ta c t  t im e s ,  the sep aratio n  factor  again  d e c r e a s e s  b e c a u s e  the emul­
sion  is  s ta b le  for a lim ited period of time and the tra n sfer  ra te s  of h exane 
becom e a p p re c iab le  a s  the droplets are depleted  in b e n z e n e .  The m axi­
mum value of the separation  fa c to r  o ccu rs  for the range of v a r ia b le s  
studied a t  the c o n ta c t  time of about 1 0  m in u tes .
The sep aratio n  factor  depends to a ce r ta in  e x te n t  upon the amount 
of s o lv e n t .  For sm aller  am ou nts , the sep aratio n  fa c to r  is  low  b e c a u s e  of 
improper d isp ers io n  of the em ulsion in the s o lv e n t .  The sep aratio n  
factor  is  about co n sta n t  for the volume of so lv e n t  betw een  180 to 25 0  ml 
and beyond 250  ml it  d e cre a se d  b e c a u s e  of in c re a se d  overall  driving 
f o r c e .
There is  a ce r ta in  minimum amount o f su rfactan t so lution  needed 
to form a s ta b le  em ulsion for a f ixed  amount of f e e d .  This minimum o ccu rs  
a t  about 3 0 ml of su rfac tan t so lu t io n .  For larger volumes of su rfactan t 
so lution  the sep aratio n  fa c to r  is  independent of amount of su rfactan t so lu ­
t io n .  T herefore , i t  ca n  be  concluded that the ratio  of th ic k n e s s  of the 
membrane to the m ass  tran sfer  area is  c o n s ta n t  for a given su rfactan t 
c o n ce n tra t io n .
At very low su rfactan t c o n c e n tra t io n s ,  the sep aratio n  fa c to r  is  
low b e c a u s e  of the formation of a weak membrane due to a la c k  of sur­
fa c ta n t  m o le cu les  . As the co n cen tra tio n  o f su rfac tan t in c r e a s e s  , the 
sep aratio n  facto r  in c r e a s e s  until it  r e a c h e s  a maximum and then i t  d e ­
c r e a s e s .  The d e c r e a s e  in the sep aratio n  fa c to r  a t  h igher co n ce n tra tio n
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may be due to a reduction in the amount of water in the membrane and 
the in c re a se d  r e s i s ta n c e  of the su rfactan t m o lecu le  to the tran sfer  of 
m ateria ls  through the m em brane. The maximum v alu e  of the sep aratio n  
factor was found to be a t  about 1 % by w eight o f su rfactan t so lu t io n .
CHAPTER VIII
SUGGESTIONS FOR FUTURE WORK
From the re su lts  of the presen t study it is  su ggested  th at further 
study should be d irected  toward the developm ent of a b e tter  em u lsion . 
This would include the d eta iled  a n a ly s is  and study of the v a r ia b le s  such 
a s  mixing sp e e d ,  mixing t im e , e t c .
Another in terestin g  a s p e c t  of th is  tech n iqu e  would be to in v e s t i ­
gate  the e f fe c t  of the tran sfer  in the op p osite  d irection  ( i . e .  from so lv e n t 
to d r o p le ts ) .
The in it ia l  s tu d ies  on the system  b en zen e  -  n -h e x a n e  have 
shown that the tech niqu e  is  prom ising. The th e o re t ica l  s tu d ies  on the 
irre v e rs ib le  thermodynamics and the hydrodynamics of the system  may 
prove very in te re s t in g .  A lso the ra te  of the tran sfer  of m aterial should 
be thoroughly in v estig a ted  in order to develop a su ita b le  ra te  equation 
for the p ro ce ss  .
I t  would a ls o  be in terestin g  to study the e f fe c t  of temperature on 
se p a ra tio n .  It has been  found (6 ) that the u se  of g ly cero l to in c re a s e  
the strength  of the liquid membrane re su lts  in an in c r e a s e  in the v alue  of 
the sep aratio n  fa c to r ,  although the m ass flux is  lo w er .  Further study 
should be d irected  toward in v e stig a tin g  th is  e f fe c t  thoroughly.
The tech n iqu e  is  s t i l l  in the developing s t a g e s .  The future work
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should a lso  co n sid e r  the developm ent of th is  tech niqu e  to se p ara te  any 
liquid or gas m ixture. Instead  of forming an aqueous membrane around 
an organic  d roplet, an organic membrane might be formed around an a q u e ­
ous drop le t,  which allow  sep aratio n  of m ateria ls  contained  in aqueous 
so lu t io n .  For exam p le ,  the sep aratio n  of a mixture of Ca and Sc in an 
aqueous so lution  could be e ffe c te d  if an organic membrane (solution of 
some su rfactan t in tributyl phosphate) could be formed around the aqueous 
droplets .
The s e le c t io n  of a su ita b le  su rfactan t is  very important and, 
h e n c e ,  the main o b je c t iv e  of the future work would be to develop new 
s u r fa c ta n t s .
The u ltim ate  goal of th is  tech niqu e  would be  to develop it  to the 
ex ten t that one can  s e l e c t  a su ita b le  su rfactan t ju s t  by looking a t  the 
properties of the com ponents p resen t in th e  m ixture .
APPENDIX A
DATA FOR THE STANDARD CURVE OF REFRACTIVE INDEX 
VS . MOLE FRACTION OF BENZENE




c  . c .
Volume of 
n -h exan e  
in original 
mixture 
c  . c .
W eight of 




W eight of 









M oles  of 








M ole fraction  
of benzene in 
original 
mixture
1 35 0 0 3 0 . 7 6 5 0 0 .0 0 0 0 . 3 9 3 8 0 .0 0 0 0 0 . 3 9 3 8 1 .0 0 0 0
2 30 05 2 6 . 3 7 0 03 . 295 0 . 3 3 7 6 0 . 0 3 8 2 0 . 3 7 5 8 0 . 8 9 8 3
3 25 1 0 2 1 . 9 7 5 0 6 . 5 9 0 0 . 2 8 1 3 0 . 0 7 6 4 0 . 3 5 7 7 0 . 7 8 6 4
4 2 0 15 1 7 . 5 8 0 0 9 . 8 8 5 0 . 2 2 5 0 0 . 1 1 4 7 0 . 3 3 9 7 0 . 6 6 2 3
5 15 2 0 13 . 185 1 3 . 1 8 0 0 . 1 6 8 8 0 . 1 5 2 9 0 . 3 2 1 7 0 . 5 2 4 7
6 1 0 25 0 8 . 7 9 0 1 6 . 4 7 5 0 . 1 1 2 5 0 . 1 9 1 1 0 . 3 0 3 6 0 . 3 7 0 5
7 05 30 . 0 4 . 3 9 5 1 9 . 7 7 0 0 . 0 5 6 2 0 . 2 2 9 4 0 . 2 8 5 6 0 . 1 9 6 7
8 0 0 35 0 0 .0 0 0 2 3 . 0 6 5 0 .0 0 0 0 . 2 6 7 6 0 . 2 6 7 6 0 .0 0 0 0
R efractive  index of the
original mixture
1 . 4 9 7 4  
1 . 4813  
1 . 4 6 2 4  
1 . 4 4 4 0  
1 . 4 2 5 0  
1 . 4 0 8 0  
1 . 3 9 1 0  
1 . 3 7 5 0
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CALCULATION OF MOLE FRACTION AND 
SEPARATION FACTOR
As an exam ple u se  data from T able  3 .
O bservation  N o. 8 .
Volume of benzene  in orig inal m ixtu re , Vg = 1 7 . 1  ml 
Voluem of h exan e  in orig inal m ix tu re , = 5 3 . 1  ml
W eight o f ben zen e  in orig inal m ixtu re , = Sg x  Vg
= 0 . 8 7 9  x  1 7 . 1  
= 15 gms
W eight of hexane  in original mixture = Spj x
W H = 0 . 6 5  9 x  5 3 . 1  
= 3 5 . 0  gms
Gram m oles of benzene  in original m ixture , = Wg
g B m B
15
= 7 8 . 1 1  “ 0 . 1 9 2
Gram m oles of h exan e  in original mixture
r = 35
H M h  8 6 . 1 7
Total gram m oles in the orig inal mixture
G T = G B + G H
= 0 . 1 9 2 +  0 . 4 0 6 1
= 0 . 5 9 8 1
= 0 . 4 0 6 1
O' ■
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M ole fraction  of benzene  in original mixture = G B
= 0■ 192 
0 . 5 9 8 1
= 0 . 3 2 1 0
M ole fraction  of ben zen e  in 
permeated product, C
BS
M ole fraction  o f h exan e  in 
permeated product, Cpj g = 6 . 4 4 4 5
C B. S  . 
C H. S  .
0 . 5 5 5 5
0 . 4 4 4 5 1 . 2 4 9 7
M ole fract io n  of b en zen e  
in the em ulsion ph a s e ,  Cg g
M ole fract ion  of h exan e  in the 
em ulsion p h a s e ,  g
= 0 . 1 4 7  
= 0 . 8 5 3
C B , E .
C h . E .
Q .14.7 
0 . 8 5 3
= 0 . 1 7 2 3
C
Separation  fa c to r  = q
B .S
x
H .  S .
I .  2497  
0 . 1 7 2 3
C H . E .
C B . E .
7 . 2 5 3 0
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EFFECT OF TEMPERATURE CHANGES IN THE 
MEASUREMENT OF REFRACTIVE INDEX
The m easurem ent of re fra c tiv e  index in the presen t study was 
made a t  room tem perature. The room temperature w as betw een 70 and 
80°  F (21° to 2 7°  C) during the presen t stu d y .
For hydrocarbons the re la tio n sh ip  betw een the ch an ges  in 
re fra c t iv e  in d e x ^ n  and the ch a n g e s  in d e n s i t y ^ S  is  g iven  by
&  n = 0 . 6  A. 3
The v ariation  of d e n s ity  with tem perature for m ixtures of 
ben zen e  and hexane is  not known. To arrive a t  an e stim ate  of the 
error cau sed  by temperature c h a n g e s ,  the temperature -  d e n s ity  data (1 2 ) 
for G> HgOH were used and it  w as assum ed th at the order of ch a n g e s  in 
the v a lu es  of d e n sity  with temperature for C 2 H5 OH and ben zen e  -  n -  
h exan e  mixture would be about th e  s a me .
D en sity  of C 2 H5 OH a t 2 1° C = 0 . 7 8 8 6 0  gm s/cm ^
D en sity  o f C 2 H5 OH at 2 7 °  C = 0 . 7 8 3 5 2  gm s/cm ^
& 9 for C 2 H5 OH = 0 . 0 0 5 0 8
An =  0 . 6  x  0 . 0 0 5 0 8  
= 0 . 0 0 3 0 4
This ch an ge  in the re fra c t iv e  ind ex would correspond to about a 
2 % ch an ge  in the com position  of the m ixture .
APPENDIX D
74
CALCULATION OF ERROR IN SEPARATION FACTOR FOR 
5% ERROR IN COMPOSITION
The error is  c a lc u la te d  for o b serv atio n  N o. 6 , Table 3 .
M ole  fract io n  of ben zen e  in so lv en t =  0 . 7 4 5
M ole fract io n  of h exane in so lv en t = 0 . 2 5 5
M ole fraction  of ben zen e  in em ulsion = 0 . 2 8
M ole fra c t io n  o f h exane in em ulsion = 0 . 7 2
Separation  facto r  = P • 7 4 5  x  0 ^ 2 1 .
0 . 2 8  0 . 2 5 5
= 7 . 5 1 4 1
For a 5% d e c r e a s e  in com position :
M ole fract io n  of ben zen e  in so lv en t = 0 . 7 0 8
M ole fraction  of h exane in so lv e n t = 0 . 2 9 2
M ole fraction  of ben zen e  in em ulsion = 0 .2  94
M ole fract io n  of h exan e  in em ulsion = 0 . 7 0 6
Separation  facto r  = P •7 P^ x  .P-«-7,06
0 . 2 9 2  0 . 2 9 4
= 5 . 8
Thus th e  error in sep aratio n  facto r  =  .5 . 8 0 0 0  -  7 . 5  141
7 . 5 1 4 1
=  -22.8%
For a 5% in c r e a s e  in co m p o sit io n .
M ole fract io n  of ben zen e  in so lv en t = 0 . 7 8 3  
M ole  fract io n  o f h exan e  in so lv e n t = 0 . 2 1 7
?
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M ole fract ion  of b en zen e  in em ulsion = 0 .2  6 6
M ole fraction  of hexane in em ulsion = 0 . 7 3 4
Separation factor  = x   ̂• ^ .4
0 . 2 1 7  0 . 2 6 6
=  10
Error in sep aratio n  factor  =  10 -  7 . 5 1 4 1
7 . 5 1 4 1 x  1 0 0
= +33%
Thus an error of +  5% in com position  ca n  produce an error of
+ 3 3 % to - 2 2 . 8 % for the sep aratio n  fa c to r .
LIST OF SYMBOLS
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C B . S .
C B . E .
CH . S .











M ole  fraction  of ben zen e  in the product from 
the s o lv e n t .
M ole  fraction  of ben zen e  in the product from 
the em u lsion .
M ole fraction  of hexane  in the product from the 
s o lv e n t .





W eigh t of ben zen e
W eigh t of hexane
M oles of b en zen e
M o le s  of h exane
Total m oles
Change in re fra c t iv e  index 
Change in d en sity
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